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Abstract 
Photovoltaic (PV) module operation is critical in PV systems for optimum generation of electrical power. Mod-
ules installed in the field suffer uneven soiling caused by bird droppings and dust build-up on their front surface. 
This study investigated the impact of partial shading caused by non-uniform soiling on the electrical charac-
teristics of multi-crystalline silicon (mc-Si) modules and strings, and compared this with simulated I-V param-
eters. Light and heavy uneven soiling on mc-Si solar cells resulted in current mismatch which can be simulated. 
The effects of partial soiling on the I-V characteristics of mc-Si module strings were experimentally measured 
and agreed with the simulated results. 
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1. Introduction 
Solar photovoltaics (PV) is expanding rapidly and is 
destined to be a cheap and widely used global en-
ergy source (Breyer et al., 2017), due to the interna-
tional drive for clean power production (Wara et al., 
2015). Therefore, operation and maintenance of PV 
systems become a crucial and valuable activity to 
meet energy efficiency and for PV modules to oper-
ate for the expected period. A PV module, which 
consists of series-connected solar cells, is a key 
component in PV systems as it is where generation 
of electrical power occurs. It is meant to last for 
more than 20 years. When installed, however, PV 
modules are exposed to real field conditions, which 
can affect normal operation of the modules, reduce 
their efficiency and accelerate module degradation 
(Meyer and van Dyk, 2004; Ferrara and Philipp, 
2012). Soiling refers to the building up of contami-
nants on the surface of PV modules, including dust, 
snow, bird droppings and other forms of particulate 
matter. Modules in the field are prone to dust and 
bird droppings just like any outdoor surface, so it is 
practically impossible to avoid the contaminants. 
Birds commonly find warmth and ideal nesting ar-
eas in roof-mounted PV installations, resulting in lo-
calised soiling (depending on the location of the 
system). The modules are installed at an optimum 
inclination angle to absorb maximum solar irradi-
ance, but this inclination angle may contribute to 
the retention of wind-blown dust (Mani et al., 
2016). Dust builds up on the bottom frame of the 
module and bird droppings cause uneven soiling on 
solar cells, which results in either light shading (s) 
or heavy shading (S) on the cells. Uneven soiling 
partially shades solar irradiation and causes non-
uniform illumination on the cells, leading to current 
mismatch in series-connected cells and substrings 
(Köntges et al., 2014).  
Cell mismatch occurs when a shaded (or defec-
tive) cell in a substring underperforms and gener-
ates less current than the other cells in the sub-
string. This forces the cell to operate in reverse bias, 
dissipating excess substring power as heat, thus 
limiting the substring’s generated current and, in 
turn, creating current mismatch with other sub-
strings operating normally (Crozier et al., 2015). 
The simulation program PVSim (King et al., 1996) 
can be used to model current mismatch in sub-
strings of multi-crystalline silicon (mc-Si) modules. 
It is used to model and analyse the performance of 
PV module strings and arrays, including bypass di-
odes, using a two-diode equivalent circuit. The cell-
to-cell statistical variance, defined by the user, is ap-
plied to the fundamental parameters used to simu-
late the cells. The bypass diodes’ characteristics are 
also defined in the same manner, allowing configu-
ration of PV modules, strings and arrays in the soft-
ware, as well as enabling modelling of cell mismatch 
of PV modules. In general, the current mismatch in 
PV modules has a significant impact on the I-V 
curves. It alters the shape of the I-V curve (Vorster 
and van Dyk, 2005), indicating the effect on output 
power of the PV module and string.  
Current mismatch in solar cells causes a non-
uniform temperature distribution in the affected 
module and such an anomaly can be identified as a 
hotspot in thermal infrared (TIR) imaging. A signif-
icant temperature difference (∆T) of 5 °C or more 
between an anomaly (faulty cell or interconnect) 
and a reference cell in the same module indicates a 
thermal signature, which has the potential to re-
duce the performance of the module. Elevated tem-
perature of singular spots or cells having a signifi-
cant ∆T of 5 °C or more between an anomaly and 
reference cell temperature highlights irregularities 
that have a substantial effect on the performance, 
reliability and longevity of PV module strings. The 
abnormal continual heating of areas where hot 
spots occur can be circumvented by incorporation 
of bypass diodes in mc-Si modules (Köntges et al., 
2014). The TIR imaging is a contactless technique 
that can be applied on operating PV modules. The 
ideal conditions for capturing thermal images are 
clear sky, low air mass (<1.5) and minimum irradi-
ance of 650 W/m2, and the angle of the TIR camera 
should be almost perpendicular to the module sur-
face under inspection to avoid reflections (FLIR 
Systems, 2011).  
The electrical performance of a PV module or 
string is given by its I-V characteristics, and any de-
viation from the expected I-V parameters reveals a 
problem with the PV source. For comparison and 
analysis, I-V measurements captured from the PV 
plant are corrected to standard test conditions 
(STCs). The STC for testing solar PV modules is an 
irradiance of 1000 W/m2, a temperature of 25 °C 
and air mass of 1.5 (Solmetric Corporation, 2018). 
The power at any point along the I-V plot character-
istic of a PV module or string is a product of current 
and voltage. The maximum power point (MPP) is lo-
cated around the ‘knee’ of the I-V curve. The MPP is 
given by the product of maximum power voltage 
(Vmp) and maximum power current (Imp). If the MPP 
is shifted, it affects the fill factor (FF) of a PV module 
or string. The FF is also an important performance 
indicator in PV systems. It is the ratio of maximum 
power to the product of open circuit voltage (Voc), 
short circuit current (Isc) and typical FF values for 
mc-Si cells are in the range 0.75-0.85 (Smets et al., 
2016). The present study discusses the impact of 
current mismatch on performance of mc-Si PV mod-
ules, so as to understand the effect of the thermal 
signatures caused by light (s) and heavy (S) partial 
shading on the string electrical characteristics, to-
gether with linking the string parameters to the 
simulated I-V curves of mismatched strings.  
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2.  Experimental procedure 
The work involved modelling current mismatch of 
module substrings in PVSim, taking I-V measure-
ments and TIR images of mc-Si strings soiled under 
controlled and real field conditions, and comparing 
with simulations.  
2.1 Simulation of current mismatch 
The PVSim was used to model mismatched sub-
strings of a mc-Si module with sixty solar cells in 
three substrings. It was assumed that a string of 
fourteen modules contains one underperforming 
module (M01). The substrings of M01 and the string 
(other thirteen modules in the string) were as-
sumed to produce the short-circuit currents indi-
cated in Table 1; and I-V parameters of the refer-
ence and Simulations 1 and 2 were generated in 
PVSim. Simulation 1 represented a scenario when 
the substrings were lightly shaded, while Simula-
tion 2 was for heavily shaded solar cells. The cur-
rent generated by a heavily shaded substring is less 
than that produced by a lightly shaded substring.  
2.2 Controlled soiling experiment  
A controlled soiling experiment was carried out at 
the Outdoor Research Facility (ORF) at Nelson Man-
dela University, Eastern Cape, South Africa 
(34.0085ºS, 25.6652ºE). The experiment was con-
ducted to observe the effect of current mismatch, 
due to soiling of substrings in a module, on the 
string I-V characteristic. The string at the ORF con-
sisted of fourteen mc-Si PV modules connected in 
series, which were ground-mounted and north-fac-
ing. The PV modules were manufactured by Solar 
World, with each module containing sixty cells con-
nected in three substrings and having a maximum 
power rating of 230 W. Each substring had a bypass 
diode in parallel over it.  
In Scenario 1, soft dough was applied on one cell 
in the module to represent bird-droppings. Dough 
was used to partially shade one cell in module 2, 
creating light shading and I-V parameters of module 
2 and the string of fourteen mc-Si modules were 
measured. The dough was then thickly applied to 
create heavy shading on one cell of module 2, cov-
ering almost the same area as for light shading. The 
I-V measurements of module 2 and the string were 
taken with the cell under heavy shading using an I-
V curve tracer.  
In Scenario 2, the bottom row of cells of module 
3 were unevenly shaded with dry flour, to represent 
dust accumulation, on the lowermost parts of the 
inclined PV modules, near the bottom frame. The 
flour was evenly applied, partially shading five cells 
at the bottom row of module 3, and more flour was 
put on the sixth cell at the bottom row of the mod-
ule. The I-V measurements of the string were taken 
with module 3 shaded, and reference I-V parame-
ters of the string were measured when modules 2 
and 3 were unshaded.  
Thermal images of the shaded modules in all the 
scenarios were taken using a TIR camera. The I-V 
measurements and TIR images were taken under 
cloudless sky conditions with irradiance above 650 
W/m2, low air mass and avoiding thermal reflec-
tions during TIR imaging.  
2.3 Soiled mc-Si modules under real operating 
conditions 
The TIR imaging on operating module strings was 
carried out at Eskom Research and Innovation Cen-
tre (ERIC) PV plant, Rosherville, Johannesburg, 
South Africa (26.2321ºS, 28.1138ºE). The strings 
consisted of fourteen series-connected 300 W mc-Si 
PV modules manufactured by Astronergy, which 
were seventy-two cell modules. Hot cells having ∆T 
of  5 °C were located on thermal images. Visual in-
spection was carried out and uneven soiling corre-
sponding to the hot cells was the only optical im-
pediment observed. The I-V characteristics of the 
strings-containing modules with hot cells were 
measured as recommended (Solmetric Corpor-
ation, 2018), using a Solmetric Photovoltaic Ana-
lyzer, model PVA-1000S-30. The reference I-V pa-
rameters were obtained from measuring a normal 
operating string next to the soiled strings. The mod-
ules were labelled according to their position on the 
plant’s site map, e.g., area 600, inverter 2, string 4, 
module 2 (A600-Inv2-ST4-M02), which made it 
easier to locate, inspect and test the strings. The 
measured I-V values were corrected to  STC and 
correlated to the thermal images obtained to under-
Table 1: Short-circuit current values for different simulations. 
 M01 Substring 1 
current (A) 
M01 Substring 1 
current (A) 
M01 Substring 1 
current (A) 
String current 
(A) 
Simulation 1 7.0 7.5 7.5 8.2 
Simulation 2 4.5 6.0 6.0 8.2 
Reference 8.2 8.2 8.2 8.2 
M01 = Module 1.  
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Figure 1: String I-V curves generated after simulating current mismatch in  
the simulation program, where MPP = maximum power point,  
Vmp = maximum power voltage and Imp = maximum power current. 
stand the impact of the thermal signatures caused 
by partial soiling on mc-Si string performance and 
to compare with the simulated I-V curves. Quantifi-
cation of uncertainty is an obligation for measure-
ments, therefore the root-sum-of-squares method 
for standard uncertainties and the International 
Guidelines of Uncertainty in Measurement (Joint 
Committee For Guides In Metrology, 2008), were 
used for calculating the percentage uncertainties 
because of field measurements and STC translations. 
3. Results and discussion  
3.1 Simulated current mismatch in mc-Si 
Modules  
The I-V characteristics obtained when the mis-
match scenarios in Section 2.1 were modelled in 
PVSim are shown in Figure 1.  The I-V curves of Sim-
ulations 1 and 2 were similar and showed steps be-
cause of current mismatch. The I-V curve of Simula-
tion 2 showed deep steps caused by the increase in 
current mismatch. Steps in I-V curves of mc-Si mod-
ules reflected active bypass diodes (Vorster and van 
Dyk, 2005), therefore Simulation 2 indicated that if 
current mismatch increases (high mismatch) then 
the bypass diode conducts at a lower current than 
at low mismatch. The effect of current mismatch on 
MPP was revealed by the shift of the MPP. The MMP 
shifted to the right towards Voc (MPP 1) when the 
current mismatch was low and moved to the left 
(MPP 2) along the curve towards Isc for high mis-
match, i.e., when comparing to the expected MPP of 
the reference I-V curve. 
3.2 Performance of a mc-Si string under 
controlled soiling  
Figure 2(a) shows thermal and optical images taken 
when Scenario 1 with light shading was applied on 
one cell of module 2 at ORF, as described in Section 
2.2. The partially shaded cell exhibited an abnormal 
temperature of 47.7 °C because of non-uniform illu- 
mination on the cell treated with dough. The une-
ven shading caused the cells in the substring to mis-
match, forcing the shaded cell to operate in reverse 
bias (Crozier et al., 2015). The partially soiled cell 
wasted some of the substring’s generated electrical 
power and caused the substring’s output current to 
be less than that of the substrings operating nor-
mally. This caused the shaded cell to operate at 9.9 
°C higher than the untreated cells because of heat 
dissipation, and also caused a bypass diode parallel 
to the affected substring to conduct, resulting in the 
module’s I-V curve (light shading) having a step, as 
shown in Figure 2(c). Heavy shading conditions 
were stimulated by adding more flour to the same 
area. This led to the shaded cell operating at 47.9 °C 
and the affected substring contributing less current 
because of the increased current mismatch. This is 
reflected by the module’s I-V curve of heavy shading 
in Figure 2(b). The I-V curves of the module in Fig-
ure 2(c) are similar to the string I-V curves in Figure 
2(d), indicating that the impact of uneven soiling on 
a cell of the module (light and heavy shading) cas-
caded to the string’s output. The localised hot spot-
ting on the cell string was detrimental, as it changed 
the substring’s short circuit current, ∆I, with the 
change in shading. The ∆I indicated in Figure 2(d) 
shows that, under heavy shading, the bypass diode 
across the affected substring conducts at a lower 
current than for light shading and bypasses the un-
derperforming substring, thus minimising the hot 
spotting impact and the string power loss.  
Thermal and optical images from Scenario 2 
(Figure 3) were captured after uneven soiling with 
dry flour on cells at the bottom row of module 3. 
The hot cell shown in the thermal image in Figure 
3(a) indicates that the abnormal heating of 48.1 °C 
of the cell was attributable to uneven soiling. The 
effect on the string performance is revealed by the 
I-V curve in Figure 4, which has two steps and is 
similar to the I-V curve of Simulation 1 in Figure 1. 
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Figure 2: Thermal and optical images of module 2 under (a) light shading and (b) heavy shading. 
Module (c) and string (d) I-V curves generated after the ORF soiling experiment. ∆I = change in 
current when light and heavy shading was applied. 
67    Journal of Energy in Southern Africa • Vol 31 No 1 • February 2020 
 
Figure 3: Thermal (a) and optical (b) images of the soiled module 3. 
Figure 4: I-V curves of the soiled string and a reference string, where V1 and V2 = voltages of one 
and two substrings respectively.  
The two steps were caused by current mismatch 
produced by the non-uniform soiling on module 3. 
The I-V curve showed that V1 gave the voltage of the 
most affected substring with a hot cell, while V2 
equalled to the voltage of the other two substrings 
in the soiled module. The voltage of the soiled mod-
ule Vm can therefore be approximated to Equation 
1.  
     Vm = V1 + V2  (1) 
The I-V curve of the affected string indicated 
that the relationship between V2 and V1 could be 
given by Equation 2, where the position of the step 
is affected by the number of active bypass diodes. 
      V2 ~ 2(V1) (2) 
The step shifted to the left as the number of con-
ducting bypass diodes increased. Many conducting 
bypass diodes meant that many (N) substrings 
were soiled, while if the number of active bypass di-
odes was small, few (n) substrings would be 
shaded. This was reflected by the first step caused 
by two active bypass diodes (across two substrings) 
of the soiled module and was more to the left than 
the second step that was caused by one active by-
pass diode paralleled to the most affected substring. 
3.3 Performance of mc-Si string soiled under 
real operating conditions 
Figure 5(a) shows a thermal image of a mc-Si mod-
ule contained in string A600-Inv16-ST04, with an 
abnormally hot cell at 47.8 °C, i.e., 11.1 °C higher 
than the normal operating cells. This was the only 
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 Figure 5: Thermal (a) and optical (b) images of a module soiled from bird-dropping. 
Figure 6: The I-V curves of the strings A600-Inv16-ST04 and A600-Inv16-ST03 (reference) unmatched 
due to a bird-dropping, where Isc, Voc, Vmp and Imp = short circuit current, open circuit voltage, 
maximum power voltage and maximum power current respectively. 
module in this string that was observed to have 
thermal irregularities. Its optical image, shown in 
Figure 5(b), shows a bird-dropping being the only 
optical impediment corresponding to the hot cell.  
Figure 6 shows the I-V curve of the soiled string, 
A600-Inv16-ST04, compared with a reference 
string, A600-Inv16-ST03. A step in the I-V curve is 
similar to that in Figure 2, obtained after shading 
one cell of a module and indicates a bypass diode 
that was forced into forward bias by the mismatch 
effect of the partially shaded cell. 
The bypass diode of the soiled module mini-
mised the string power loss by conducting the gen-
erated current and bypassing the affected sub-
string. The result was a reduction in FF and a power 
loss of approximately 6 W (0.16%), presented in Ta-
ble 2.  
Considering that each module produced approx-
imately 270 W, each cell in the module of 72 cells 
produced 3.7 W on average, which was less than the 
string power loss of 6 W. This shows that the sub-
string containing the soiled cell had been bypassed 
when the string current was higher than (mis-
matched) the substring’s generated current; and 
without bypass diode protection, the power loss 
and hot spot damage might be severe. 
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Table 2: Performance parameters of a string soiled with bird-dropping and a reference string. 
 
String 
Isc 
(A) 
Voc 
(V) 
Imp 
(A) 
Vmp 
(V) 
FF Pmax 
(W) 
A600-Inv16-ST04 
Soiled 
 
8.6±0.16 
 
617.1±5.6 
 
7.7±0.22 
 
490.9±4.4 
 
0.712 
 
3780±121 
A600-Inv16-ST03 
Reference 
 
8.6±0.16 
 
617.1±5.6 
 
7.8±0.22 
 
485.4±4.4 
 
0.713 
 
3786±121 
∆P (%) 0.0±1.9 0.0±0.9 1.3±2.8 1.1±0.9 0.001 0.16±3.2 
Isc = short circuit current, Voc = open circuit voltage, Vmp = maximum power voltage, Imp = maximum power current, FF 
= fill factor, Pmax = maximum power.  
 
Figure 7: Thermal (a) and optical (b) images of a partially soiled module in string A300-Inv20-ST04. 
One module in string A300-Inv20-ST04 was ob-
served to have hot areas shown by the module’s 
thermal image in Figure 7(a). The abnormally hot 
parts of the cells correspond to partially soiled ar-
eas on the module’s optical image in Figure 7(b). 
There was build-up of dust along the bottom mod-
ule frame that resulted in uneven shading on cells 
12, 13, 26, 27, 60 and 61. No other optical impedi-
ment was observed when visual inspection was car-
ried out. Five cells (12, 13, 26, 27 and 60) seemed to 
be partially hot and cell 61 had more sediments that 
caused it to be abnormally hot at 58.7 °C, resulting 
in it having a temperature difference of 18.4 °C with 
the reference temperature of 40.3 °C. 
The I-V curve of the entire string A300-Inv20-
ST04 is affected by the uneven soiling of the mod-
ule, as seen in Figure 8. 
The I-V curve of the soiled string A300-Inv20-
ST04 is similar to the I-V curves generated in PVSim 
in Figure 1. It shows two clear steps at about 500 V 
and 540 V and deviates from the expected I-V curve 
of the adjacent string A300-Inv20-ST03. This indi-
cates that bypass diodes were conducting current 
as a result of uneven shading in substrings of the 
soiled module, causing the string to underperform 
by 7 W, translating to a small drop in FF and 0.18% 
decrease in performance as shown in Table 3. 
The I-V parameters of the affected module were 
not measured. However, based on the shape and po-
sition of the steps in the string’s I-V curve, it can be 
inferred that the substrings containing the partially 
shaded cells 12, 13, 26, 27, 60 and 61 suffered cur-
rent mismatch. Current mismatch attributable to 
partial shading on solar cells and the effect of by-
pass diodes on power loss is discussed in Section 1 
and is explained in detail by Vorster and van Dyk 
(2005) and Crozier et al. (2015). The I-V curve of 
the string A300-Inv20-ST04 show voltage drops of 
approximately 30 V on first step and 15 V on second 
step, which points to the possibility that two sub-
strings of the soiled module were affected at first 
step and one substring affected at second step. The 
decrease in current at each step imply that the af-
fected substrings experienced different levels of 
shading, one lightly shaded (first step) and one 
heavily shaded (second step). The two lightly shaded 
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Figure 8: I-V curves of the soiled string A300-Inv20-ST04 and reference string A300-Inv20-ST03, 
where Isc = short circuit current, Voc = open circuit voltage, Vmp = maximum power voltage, and Imp = 
maximum power current. 
Table 3:  Performance parameters of a soiled string, A300-Inv20-ST04, and reference string,  
A300-Inv20-ST03. 
String Isc 
(A) 
Voc 
(V) 
Imp 
(A) 
Vmp 
(V) 
FF Pmax 
(W) 
A300-Inv20-ST04 
Soiled 
 
8.5±0.16 
 
618.2±5.6 
 
7.8±0.22 
 
511.5±4.6 
 
0.759 
 
3990±128 
A300-Inv20-ST03 
Reference 
 
8.5±0.16 
 
618.2±5.6 
 
8.0±0.22 
 
499.6±4.5 
 
0.761 
 
3997±128 
∆P (%) 0.0±1.9 0.0±0.9 2.5±2.8 2.4±0.9 0.002 0.18±3.2 
Isc = short circuit current, Voc = open circuit voltage, Imp = maximum power current, FF = fill factor, Pmax = maximum power. 
 
substrings (first step) and the single more heavily 
shaded substring (second step) are observable in 
the thermal image Figure 7. The partial soiling 
seems to be uniform across the cells 12, 13, 26, 27, 
and 60, but there is more soiling on cell 61, causing 
the substring with cell 61 to generate less current 
(second step) than the other two substrings (first 
step). The partial soiling on the module is causing 
the module to generate less current than the ex-
pected 8.5 A. This is also similar to Scenario 2 in the 
controlled experiment carried out at ORF when 
cells at the bottom row of module 3 were soiled. The 
I-V curves in Figures 8 and 4 show this similar 
shape but have different Voc, since the modules at 
ORF have sixty cells while those at ERIC have sev-
enty-two cells.  
The power loss due to soiling in the strings 
A300-Inv20-ST04 and A600-Inv16-ST04 is statisti-
cally insignificant when considering the percentage 
uncertainty of 3.2% in Tables 1 and 2. It proves, 
however, the effectiveness of bypass diodes in the 
mc-Si PV modules. The activated bypass diode min-
imises the power loss of the entire string and less-
ens the detrimental effect of hot spotting, but con-
tinual conduction of huge current generated by the 
 string can overheat and damage the diode by 
‘shorting’ or ‘opening’ it. ‘Open’ failing of a bypass 
diode can leave the corresponding underperform-
ing substring vulnerable to a destructive hot spot-
ting, while if it were ‘shorted’ a significant power 
loss of the module string would be experienced 
(Köntges et al., 2014). The abnormally heated by-
pass diode can be revealed by a hot junction box on 
thermography inspection. The partially soiled solar 
cell heats up since it is generating less current than 
the good cells in the substring, so it is forced into 
reverse bias and consumes the substring’s gener-
ated electrical energy as heat. Additionally, not all 
the solar radiation received by the soiled cell is con-
verted to electrical power; some is wasted as heat. 
This results in the cell temperature being extraordi-
narily high, and may cause other secondary effects 
such as delamination, module glass cracks and 
burns if the cells are shaded for long. The secondary 
defects are irreversible even after cleaning the 
module. Therefore, routine cleaning of the modules 
should be carried out to avoid such abnormalities, a 
further drop in string efficiency and fast deteriora-
tion of the modules. 
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This study shows that when mc-Si solar cells are 
under uneven soiling, two variables and four possi-
bilities exist. The two variables are 1) heavy (S) or 
light soiling (s); and 2) number of affected 
cells/substrings (many (N) and few (n)). The varia-
bles result in having four combinations SN, Sn, sN 
and sn, with each combination causing a different 
effect on the I-V curve. Light and heavy soiling re-
sult in shallow and deep steps (kinks) respectively 
and, if more cells are soiled/shaded, the step in the 
I-V curve would appear more towards lower volt-
age with a big drop in voltage. The step will be 
closer to Voc along the curve if few cells are shaded.  
Current mismatch causes steps in I-V curves of 
mc-Si modules and strings to show activation of by-
pass diodes as revealed by the I-V characteristics 
obtained at ORF and ERIC. The general shape of the 
I-V curves of soiled string A300-Inv20-ST04 
matches to the string soiled with flour at ORF (Fig-
ure 4) and the I-V parameters modelled in PVSim in 
Figure 1. Mismatched substrings force the maxi-
mum operating point, MPP, to shift along the I-V 
curve towards Isc on light shading, and towards Voc 
when shading is heavy and subsequently reducing 
the FF and the generated power, thus affecting per-
formance of the string. The position and shape of 
the step relates to how heavy the shading is (deep-
ness of steps) and the number of conducting bypass 
diodes (step shifting towards Isc as number of active 
diodes increase). The I-V curve of a soiled mc-Si 
module or string can be modelled using the simula-
tion program PVSim when the soiling pattern on the 
module is known. Modelled electrical characteris-
tics of current mismatch in a module or string agree 
with the I-V curves of the mismatched modules un-
der real field conditions.  
Minimal power loss (less than 1.0%) was real-
ised on the soiled strings since the soiling covered a 
small area and bypass diodes in the modules mini-
mised the impact of shading on the string’s gener-
ated power. This shows the importance of bypass 
diodes in series-connected PV modules. It is benefi-
cial to properly clean the modules periodically as it 
avoids soiling power loss, minimises rate of module 
degradation and avoids secondary irreversible de-
fects such as bypass diode failure, module glass 
cracks, delamination, burns and damage of bypass 
diodes that result if the cells are partially soiled for 
long period of time.  
4. Conclusions 
The study investigated the effects of uneven soiling 
on performance of multi-crystalline silicon modules 
to understand the impact of the mismatched sub-
strings and thermal signatures on output electrical 
characteristics of PV module strings. The I-V param-
eters obtained after modelling substrings current 
mismatch in the program PVSim were linked to the 
observations made in a controlled experiment at 
Outdoor Research Facility at Nelson Mandela Uni-
versity and electrical characteristics of multi-crys-
talline silicon strings at Eskom Research and Inno-
vation Centre, soiled under real operating condi-
tions. The soiling combinations that can occur in 
real PV plant situations can be modelled with simu-
lators and observations agreeing.  
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